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Abstract  

+ + 
Reaction r a t e s  of NO and i t s  hydrates,  NO . nH20 (n = 1-3), 

with water were measured i n  a flow system. The mechanism f o r  conversion 

+ + 
of NO hydrates to,lf30 hydrates was confirmed, and r a t e  constants  f o r  the  

1 
sequence of s i x b c l u s t e r i n g ,  r ed i s soc ia t ion ,  and rearrangement react ions  

were determined f o r  each of the  four c a r r i e r  gases He, A r ,  N 2 ,  and 02. 

I, INTRODUCTION 

Ever s ince  the  f i r s t  mass spectrometer measurements of the  iono- 

spher ic  D region p o s i t i v e  ion  composition by ~ a r c i s i  and ~ a i l e ~ ' ,  the re  

has been a g rea t  deal  of i n t e r e s t  i n  the  r a t e s  and mechanism of hydration 

+ + + 
of NO', O2 , and H30 . The observation of H 0 and i t s  f i r s t  hydrate,  

3 

and t h e  l a r g e  contr ibut ion t o  t h e  t o t a l  ion  densi ty by ions  of mass 

g rea te r  than 45amu st imulated specula t ion on t h e  r o l e  which water vapor 

plays i n  D-region chemistry. A subsequent f l i g h t 2  with a mass spectro- 

meter capable of detec t ing heavier  ions  showed I4 0' 2 H20, 0: 
3 H2° 

and NO' ' H20 t o  be present .  + 

Fehsenfeld and ~ e r ~ u s o n ~  f i r s t  proposed a mechanism which could 



e 
account f o r  t he  formation of hydronium ions  by t h e  r e a c t i o n s  of O and 2 

+ 
NO wi th  water  vapor. This  mechanism has been confirmed by Good e t  aZ, 

4- 
f o r  0: and by Lineberger  and pucket t5  f o r  NO . The r e a c t i o n  sequence 

+ 
f o r  NO i s  thought t o  be  

The omission of t h e  r eve r se  of r e a c t i o n  (1) does no t  imply t h a t  

i t  does n o t  occur ,  b u t  simply t h a t  i t s  equi l ibr ium s t r o n g l y  favors  t h e  

formation of hydra te  under a l l  experimental  condi t ions  i n v e s t i g a t e d  i n  

t h i s  work. I n  t h e  p r e s e n t  s tudy ,  t he  above s i x  r a t e  cons tan ts  were 

determined i n  an ion-molecule r eac t ion  flow system us ing  four  c a r r i e r  

gases ,  He, A r ,  N 2 ,  and 0 The r e s u l t s  were examined f o r  t h e i r  i n t e r n a l  
2" 

cons is tency  a s  w e l l  a s  f o r  t h e  reasonableness  of t h e i r  abso lu t e  magnitudes. 

11. EXPERIMENTAL 

The flowing af te rg low system has been descr ibed previous ly6 .  A14 

measurements were made a t  296OK and w i t h i n  a  p re s su re  range of 0 .2  t o  1 . 4  

Torr .  

The c a r r i e r  gases ,  O2 ( e x t r a  d r y ) ,  N and A r  ( p r e p u r i f i e d ) ,  and Be 
2 

(high p u r i t y )  were p u r i f i e d  by passage through a  t r a p  conta in ing  Union Carbide 

13X molecular s i e v e  which was cooled t o  77OK f o r  He and t o  196'K for 02, 



N 2 ,  and A r .  This  decreased the  impuri ty  i o n  l e v e l s  by more than an o rde r  

of magnitude. Cylinder  NO(C.P. grade) was used a f t e r  be ing  passed through 

a  dry ice- isopropanol  t r a p .  

-I- 
NO i ons  were formed by adding a  smal l  flow of NO ($ 2% of t o t a l )  

t o  t h e  c a r r i e r  gas downstream from t h e  e l e c t r o n  fmpact i o n i z e r ,  Rapid 

+ 
charge- t ransfer  r e a c t i o n s  produced NO which completely dominated the ion  

4- 
spectrum i n  the  r e a c t i o n  zone. A minor peak observed a t  6Oamu was ( N O ) 2  

which was formed by t h e  r e a c t i o n  

b u t  which was g r e a t l y  reduced by t h e  f a s t  swi tch ing  r e a c t i o n  

when water  was added. 

A f t e r  t h e  a d d i t i o n  of NO t o  t h e  ion ized  c a r r i e r  s t ream, the  measured 

+ 
NO i o n  cu r r en t  was observed t o  decrease by s e v e r a l  o rde r s  of magnitude over  

a  two hour per iod.  The reduct ion  i n  t h e  number of de t ec t ed  i o n s  was over- 

come by p u t t i n g  a  smal l  nega t ive  p o t e n t i a l  of about 2 V on the  meta l  cone 

through whose o r i f i c e  t h e  ions  were sampled. Experiments i n  which t h i s  

draw-out vo l t age  was va r i ed  from 0 t o  2 V showed t h a t  i t  had no e f f e c t  on 

t h e  ion  k ine  t i e s .  

The quadrupole mass f i l t e r  was opera ted  a t  very low r e s o l u t i o n  t o  

maintain uniform t ransmiss ion  ac ros s  t h e  mass range s i n c e  t h e  k i n e t i c  anal-  

y s i s  of t h e  d a t a  is  q u i t e  s e n s i t i v e  t o  mass d i sc r imina t ion ,  A check was 

made on mass d i sc r imina t ion  by monitor ing a l l  of t h e  d e t e c t a b l e  i ons  i n  

t h e  c1ustexi'r;g sequence, inc luding  the  hydrogen c l u s t e r  i ons  n o t  shown i n  
0. - -  

Fi;gspes 1 ad 2. The sum of t h e  c u r r e n t s  f o r  a l l  of t h e  ions  remained 



cons tan t  t o  w i th in  LO - 20% a s  t h e  r e a c t i o n  zone (time) was lengthened and 

t h e  ion  spectrum was converted from predominantly l i g h t  i ons ,  NO', t o  t he  

e 
heav ie r  i ons  H 0 euH20(n=2-4). 3 

111, DATA ANALYSIS AND RESULTS 

Rate cons t an t s  f o r  t he  NO' c l u s t e r i n g  sequence were obta ined  us ing  

two types of a n a l y s i s .  The r a t e  cons tan t  f o r  t h e  i n i t i a l  s t e p ,  kl ,  was de- 

r i ved  from semilog p l o t s  of t he  pa ren t  i on  c u r r e n t ,  iNo+9 as  a  func t ion  of 

z ,  the  p o s i t i o n  of t h e  movable i n j e c t o r  using the  convent ional  flowing 

af te rg low a n a l y s i s .  6-9 

The r a t e  cons tan ts  f o r  t h e  subsequent s t e p s  were obta ined  by f i t t i n g  

C 4- 
computed curves of t h e  z-dependence of i ons  NO', NO * H  0 ,  NO .2H20, and 2 

+ 
NO 03H 0 t o  experimental  da t a .  For a  given s e t  of l abo ra to ry  cond i t i ons ,  

2  

c a r r i e r  p r e s s u r e ,  water  p re s su re ,  and flow v e l o c i t y ,  t h e  ion  c u r r e n t s  

f o r  masses 30, 48, 66,  and 84 were measured f o r  each of 6 t o  PO d i f f e r e n t  

p o s i t i o n s  of t h e  water  i n j e c t o r  along t h e  r e a c t i o n  zone (from z = 20 t o  7Ocm). 

Typica l  d a t a  a r e  shown i n  Figures  l and 2, Using a Runge-Kutta numerical 

i n t e g r a t i o n  of t h e  simultaneous d i f f e r e n t i a l  r a t e  equat ions  f o r  t he  s i x  

r e a c t i o n s ,  (1) through ( 4 1 ,  computed ion  concent ra t ions  were obtained.  

I n  t h e  computation t h e  l abo ra to ry  condi t ions  s f  flow v e l o c i t y ,  water  pres-  

s u r e ,  and t o t a l  p re s su re  a r e  f i xed ;  k was obta ined  from t h e  semi l sga r i t h -  
l 

mic decay of NO'; and the  r a t e  cons tan ts  k 2)  kZY k3) k-3 and k4 were 

v a r i e d  t o  g ive  t h e  b e s t  f i t  t o  t he  experimental  d a t a ,  The computer ca l -  

c u l a t i o n s  were c a r r i e d  out  a t  a  remote te rmina l  us ing  the  Univers i ty  of 

P i t t s b u r g h  time sha r ing  system. The r e s u l t s  of a  t e s t  computation were 

compared t o  t h e  experimental  d a t a ,  and then an ad jus t ed  s e t  of r a t e  eon- 

s t a n t s  would be  t r i e d  i n  o rde r  t o  g e t  an improved f i t .  With t h i s  



procedure i t  was p o s s i b l e  t o  make l 0  t o  15 t r i a l  f i t s  i n  an hour a t  a cos t  

of approximately 20 t o  25sec of computer t ime (IBM 360/50) pe r  f i t ,  Typical  

"best" f i t s  of experimental  d a t a  a r e  shown i n  Figures  1 and 2, While only 

a very narrow range of va lues  f o r  t h e  bimolecular  r a t e  cons t an t ,  k4 would 

provide a good f i t  of t he  d a t a ,  t h e  forward-reverse p a i r s  k 2 ¶  k-2 
and. k 

3 "  

k-3 
could be  v a r i e d  over  a l a r g e  range t o  produce equal ly  good f i t s o  Most 

of t h e  d a t a ,  p a r t i c u l a r l y  those  taken a t  l a r g e  water  concent ra t ions  (> Torr)  

could be  f i t t e d  wi th  no r eve r se  r e a c t i o n s  i n  t he  schemeo A s  a smal l  r eve r se  

r a t e  cons tan t  was in t roduced  t h e  forward r a t e  cons tan t  had t o  be increased  

t o  compensate f o r  t h e  back r e a c t i o n  and t o  mainrain t h e  concent ra t ion  l e v e l  

of t h e  spec i e s .  Since t h e  magnitude of t h e  necessary i n c r e a s e  i n  forward 

r a t e  cons tan t  depended on t h e  experimental. condi t ions ,  i t  was p o s s i b l e  t o  

combine t h e  k ( f o m a r d ) ,  k ( r eve r se )  d a t a  from a number of d i f f e r e n t  experi-  

ments i n  a s i n g l e  c a r r i e r  gas t o  determine a p a i r  of cons tan ts  which would 

opt imize t h e  f i t  of a l l  t h e  da t a .  An example of t h i s  ana lys i s  i s  i l l u s t r a -  

t e d  i n  F igure  3 where k has  been p l o t t e d  a s  a func t ion  of k f o r  a l l  of 
-3 3 

t h e  experiments w i th  H e  c a r r i e r ,  Data from t h r e e  experiments i n t e r s e c t  a t  

a p o i n t  which corresponds t o  t h e  s i n g l e  va lue  of k and k-3 which w i l l  f i t  
3 

a l l  t h r e e  experiments and t h e  p o i n t s  from a f o u r t h  pass  w i th in  t h e  range of 

the  e r r o r  l i m i r s  of t he  determinat ion.  

A t e s t  of t h i s  procedure i s  t h e  constancy of t h e  equi l ibr ium con- 

s t a n t s ,  K2 = k2/k and K = kg/k-3, s i n c e  they a r e  independent of t h e  -2 3 

c a r r i e r  gas used. The equi l ibr ium cons t an t ,  K3, was t h e  same t o  w i t h i n  

a few percent  i n  t h e  four  c a r r i e r  gases .  K was determined wreh l e s s  
2 

accuracy because the  very sma l l  magnitude of t h e  r eve r se  r a t e ,  k-2,  made 

i t  the  l e a s t  important  parameter i n  t he  ana lys i s .  

The equ i l i b r ium cons t an t s  K2 (8x10-l%m3) and K3 ( 1 . 1 ~ 1 0 - ' ~ c m ~ )  



a r e  nea r ly  equal  t o  t h e  va lues  which S e a r l e s  and ~eba r1e 'O  have repor ted  

+ 
f o r  t h e  analogous s t e p s  i n  t h e  c l u s t e r i n g  of K i ons  wi th  water ,  I f  one 

assumes t h e  same entropy changes i n  t h e  two similar processes ,  t h e  b inding  

+ 
energ ies  f o r  t h e  second and t h i r d  water  molecules on NO can be  est imated 

t o  be about 16 and 13  kcal/mole, r e spec t ive ly .  

I n  A r ,  0 and N  c a r r i e r ,  t h e  measured r a t e  cons tan ts  were found 
2 ' 2 

t o  be  somewhat p re s su re  dependent. I n  t h e s e  gases  t h e  r a t e  cons tan ts  were 

l a r g e r  a t  low c a r r i e r  p re s su re s  (0.2 Tom) than a t  h igh  p re s su res (0 ,Q  Torr)  

where they l eve l ed  of f  wi th  inc reas ing  p r e s s u r e o  The discrepancy of about 

10% i n  O 2  and N 2 
was n o t  considered t o  be  a s e r i o u s  problem. However, 

i n  A r  t h e  d i f f e r e n c e  was about 40% and i t  was necessary t o  understand i t s  

o r i g i n  i n  o rde r  t o  reduce the  e r r o r .  

Since t h e  r a t e  cons tan t  f o r  t h e  bimsleeuPar r e a c t i o n  

had been previous ly  measured by us i n  He c a r r i e r ?  a s tudy  of i t s  p re s su re  

dependence i n  A r  was undertaken t o  show whether t h e  e f f e c t  a rose  only i n  

c l u s t e r i n g  r eac t ions  o r  was p re sen t  i n  a l l  A r  c a r r i e r  experiments.  I n  

t hese  experiments r e a c t i o n  (5) exh ib i t ed  a s i m i l a r  p re s su re  dependence 

t o  t h a t  of t h e  c l u s t e r i n g  r e a c t i o n s  and t h e  c o r r e c t  r a t e  cons tan t  was 

obta ined  only i n  t he  Pow p res su re  l i m i t .  The birnolecular r a t e  cons tan t  

i n  t h e  c l u s t e r i n g  sequence, k4 ,  should be  independent of t he  c a r r i e r  gas 

and good agreement w i th  t h e  va lue  of k4 i n  He, 0 2 ,  and N experiments 2 

was obta ined  when t h e  low p res su re  A r  r e s u l t s  were used. 

Since t h e  Reynolds number f o r  t h e  c a r r i e r  flow i s  about an o rde r  

of magnitude l a r g e r  i n  A r ,  0 2 ,  and N2  (R = 100 t o  200) than i n  



He 4R = 80 t o  201, t he  pc r s s ib i l i t y  cha t  Poiseui1l.e flow was no t  e s t a b l i s h e d  

i n  t h e  70cm e n t r y  length. to t h e  r e a c t i o n  zone was consf dered a s  a soisrce of 

t h e  p re s su re  dependence i n  t h e  heavy gases ,  D i rec t  measurements of t h e  ra-  

d i a l  v e l o c i t y  p r o f i l e s  were made using a p i t o r  rube ,  A f t e r  viscous boundary 

Layer co r r ec t ions  had been appl ied  t o  che measurements, l i  t he  p r o f i l e s  agreed 

t o  w i th in  about 5% wi th  t h e  va lues  ca l cu la t ed  from t h e  bulk  flow p r o p e r t i e s  

(flow r a t e  and tube pressure)  assuming a pa rabo l i c  v e l o c i t y  d i s t r i b u t i o n o  

Therefore ,  t h e  assumption of Poisesr i l le  flow i s  v a l i d  f o r  a11 four  c a r r i e r  

gases s tud ied .  Fur ther  experiments showed t h a t  che p re s su re  dependence 

could be  mainly a t t r i b u t e d  t o  nonuniform mixing o f  t h e  water  Paper added 

through the  n e u t r a l  r e a c t a n t  i n j e c t o r .  Since t h e  i n j e c t o r  is  assumed t o  

behave a s  a  p l ana r  source i n  t he  r a t e  cons tan t  a n a l y s i s 6 ,  slow d i f fus ion -  

con t ro l l ed  mixing in  he heavy c a r r i e r  gases ,  N 2 ,  0  and A r l  may cause a 
2 

pres su re  dependence i n  t h e  r a t e  cons tan ts  which i s  no t  observed i n  Hen 

This  was t e s t e d  i n  experiments where NO was added t h r m g h  t h e  water  i n j ec -  

t o r  t o  A r  o r  He c a r r i e r  conta in ing  some 0-atoms and t h e  uniformity s f  t h e  

0  +- NO cherni lmines cence was observed visuaPBy, Much. poorer mixing was 

found i n  A r  than i n  He and t h i s  l e d  t o  t h e  cons t ruc t f an  and t e s t i n g  of a 

g r e a t l y  zmpr~ved tefYon r i n g  i n j e c t o r  of 3cm diamerer wi th  2 4  evenly spaced 

ho le s  on its s u s s i d e  and 1 6  Roles on i t s  i n s i d e  edgeo 

Our r e s u l t s  and :those of two o t h e r  laborai tor ies  a r e  shown i n  Table 1, 

The work of Fehsenfeld e t  aZ, Iz was c a r r i e d  out  using He, A r ,  and N c a r r a e r  
2 

i n  a  flowing af te rg low system. Pucket t  and ~ e a ~ u e ' ~  have r e c e n t l y  repor ted  

f 
r a t e  cons tan ts  from a  s tudy  of NO c l u s t e r i n g  wi th  H 0  i n  a s t a t i o n a r y  

2 

af te rg low,  The agreement of t h e  r e s u l t s  from the  t h r e e  l a b o r a t o r i e s  i s  

very  good. The genera l  t r ends  a r e  a s  expected: The three-body reeombin- 

a t i o n  r a t e  cons tan ts  i n c r e a s e  about one order  of magnitude from n  = l t o  



rn = 3 where n i s  the number of H 0 i n  t h e  product  c l u s t e r  ncn; t h e  in -  2 

c rease  from M = He t o  N 2  f o r  a given recombinatisn kn 1s a f a c r o r  of t h r e e  

t o  f i v e ;  t h e  redissocia , t ion r a t e  cons tan ts  i n c r e a s e  CWQ orders  of magnitude 

from n = 2 t o  3 due t o  the weaker b n n d ~ n g  and greater complexlry QnnreanaL 

energy) s f  t he  l a r g e r  (n = 39 i o n o  

When the  recombination k a r e  simply i n t e r p r e t e d  i n  terms of t h e  
PP 

scheme, say f o r  k2 ,  

one may reasonably expect k t o  be  about 3xl0-~cm:/sec by analogy wi th  o u r  a 
9- 

e a r l i e r  f i nd ings6  f o r  A + H 0 r e a c t i o n s  where the  r a t e  osnsranfc, was a fac- 
2 

t o r  two t o  t h r e e  l a r g e r  than t h e  Langevin va lue ;  and k t h e  energy t r ans -  
c ' 

f e r  s t e p ,  i s  l i k e l y  t o  be about l ~ - ~ c m ~ i s e e ,  neax i t s  Langevan value, be- 

cause of the lower po1axfzab i l i t y  of t h e  n e u t r a l  r e a c t a n t  and the  absentze 

of ion-dipole fo rces .  Taking k f o r  A r ,  02, o r  N Lo be about 10-"crnb~sei, 
2 2 

one ob ta ins  k - 1o9sec- whach shows (a) t h a t  t he  recornbinarion 1s (and 
b 

should be) i n  i r s  Em-pressure,  three-body regime up t o  q u i t e  h igh  p re s scses ,  

3 100 Tor r ;  (b) that the  v ib ra t ionak ly  excnted c l u s t e r  $on appears to b e  

i n t e r m e d i a t e  between a rzgnd s t r u c t u r e  whose Bnferime would be nn t h e  X.0- 

t o  1 0 - ~ s e c l  range and a eompletelg loose  s t r u c t u r e  wi th  many f r e e  nnterna: 

" 7 

r o t a t i o n s  whose l i f e t i m e  would be i n  t h e  lo-.". t o  l ~ ~ " ~ s e c l  range," The 

r e l a t i v e l y  long l i f e t i m e  of t h e  energy-rich c l b s r e r  $an a l s o  r equ i r e s  the  

recombination r ace  cons tan t  t o  have a s t r o n g  negar ive  temperature depen- 

dence approximately i n  t h e  T - ~  0, expC+li.keaS/RT> range, w h i ~ h  may be  i m p c i -  

t a n t  i n  ionospher ic  a p p l i c a t i o n s o  I n  the  simple model of t h e  r ecombina t~cn  



process ,  t h e  M-effect e n t e r s  only through t h e  s t a b i l i z a t f o n  r a t e  cons tan t  

kc ' and may thus be con t ro l l ed  by t h e  reduced mass and by t h e  po1ariza'blli t .y 

of M. The r e l a t i v e  Langevin r a t e  cons tan t  r a t i o s  would thus be  P : l .2 :1 ,3 :  

X,4 far k and P:P,P: l ,2:PQ3 f o r  k i n  t h e  o rde r  He:Ar:O .N whereas t h e  1 2 2'  2 '  

experimental  r a t i o s  a r e  approximately 1: 3: 3 : 4,  i. e ,  t h e r e  i s  good q u a l i t a -  

t i v e  agreement except  f o r  He f o r  which t h e  theory p r e d i c t s  too l a r g e  a  reP- 

a t i v e  r a t e  cons t an t "  I n  a l l ,  t he  recombination and d i s soe i a r ion  behavior  

of t hese  r e a c t i o n s  i s  w e l l  cha rac t e r i zed  by simple r a t e  theory wish t h e  

p o s s i b l e  except ion of t h e  d e t a i l e d  mechanism and geometry of t h e  rearrange-  

ment r eac t ion  ( 4 )  wbich p re sen t s  i n t r i g u i n g  p ~ s s i b i l i t i e s l ~  of l i n e a r  c h a m  

us. s p h e r i c a l  ion  c l u s t e r  arrangements. 
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